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ABSTRACT
GW170817 was the first detection of a binary neutron star merger via gravitational
waves. The event was observed over a wide range of the electromagnetic spectrum, re-
vealing a thermal kilonova dominating the optical signal during the first ∼15 days, and
a non-thermal synchrotron emission that has continued to rise ∼200 days post-merger,
dominating the radio and x-ray emission. At early times, when the kilonova is still
dominant, the synchrotron emitting electrons can efficiently cool by up-scattering the
kilonova photos through inverse-Compton. Yet, the cooling frequency is not observed
up to the X-ray band. This can only be explained if the source is moving at least at
a mildly relativistic velocity. We find a lower limit on the source’s bulk Lorentz factor
of Γ > 2.1 at 9 days. This lower limit is model independent, and relies directly on the
observed quantities, providing an additional robust evidence to the relativistic motion
in this event at early times.
Key words: gravitational waves – radiation mechanisms:general
1 INTRODUCTION
The first detection of a binary neutron star merger
via gravitational waves, labeled GW170817 (Abbott et al.
2017), was accompanied by a multitude of observations
across the electromagnetic spectrum, in prompt γ-ray
emission (Goldstein et al. 2017), in the UV-optical-IR
band, as a kilonova/macronova, decaying during the first
few days (Cowperthwaite et al. 2017; Kasliwal et al. 2017;
Drout et al. 2017; Tanvir et al. 2017; Soares-Santos et al.
2017; Smartt et al. 2017) and a long lasting radio to X-ray
afterglow that has continued to rise ∼200 days post-merger
(Hallinan et al. 2017; Mooley et al. 2018a; Alexander et al.
2017; Haggard et al. 2017; Troja et al. 2017).
In an effort to explain this collection of observations and
the different emission components, various physical models
have been considered - a very weak on-axis relativistic jet,
an off-axis emission of a short-hard gamma-ray burst, in-
teraction of the dynamical ejecta fast tail with surround-
ing material, a choked-jet cocoon, and a successful-jet co-
coon emission (Kasliwal et al. 2017; Mooley et al. 2018a;
Hotokezaka et al. 2018; Gottlieb et al. 2018b). Recently,
Nakar & Piran (2018) have demonstrated that an off-axis
relativistic jet, or an ultra-relativistic jet pointing at the
observer are inconsistent with the delayed X-ray and radio
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emission, as well as the gradual rise of the signal, ∝ t0.8, and
can be therefore ruled out.
One aspect in which the proposed models differ is
the velocity of the radiating region. For instance, cocoon
emission involves mildly relativistic motion of Γ ∼ 2 − 3
(Gottlieb et al. 2018a), whereas interaction of the merger’s
dynamical ejecta with surrounding material involves more
modest velocities of up to Γ ≈ 1.4 (Hotokezaka et al. 2018).
Models that include a successful jet-cocoon (”successful
structured jet”) predict a Lorentz factor of up to Γ ≈ 10
(Kasliwal et al. 2017; Margutti et al. 2018; Hallinan et al.
2017; Mooley et al. 2018a). Constraining the source velocity
is therefore instrumental in discriminating between various
models.
In this work we derive a lower limit on the source’s ve-
locity that is directly derived from observed quantities, with-
out any additional free parameters. We apply this theoretical
bound in the case of GW170817, and find that the emitting
material must be at least mildly relativistic, with Γ > 2.1, 9
days post merger. This lower limit is consistent with recently
reported limits derived from the source’s centroid motion,
measured between 90 and 230 days (Mooley et al. 2018b).
Yet, our result provides an evidence of relativistic motion of
the synchrotron emitting region at much earlier times.
The electromagnetic afterglow of GW170817 was identi-
fied in X-ray and radio a few days after the merger event, and
has continued to rise for about ∼200 days (Haggard et al.
2017; Troja et al. 2017; Margutti et al. 2018; Hallinan et al.
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2017; Alexander et al. 2017). Both bands follow the same
simple power-law with no sign of any spectral evolution, im-
plying that both originate from the same non-thermal pop-
ulation of relativistic electrons, emitting synchrotron radi-
ation (Sari et al. 1998). The fact that both radio and X-
ray rise together in time, implies they are both below the
cooling frequency, and above the self-absorption frequency
(Margutti et al. 2018).
The observations in the UV-optical-IR bands during the
first ∼15 days were dominated by a thermal kilonova emis-
sion, powered by the radioactive decay of heavy elements
synthesized in the merger ejecta. At later times, as the kilo-
nova decays, the optical band was dominated by the broad-
band radio to X-ray synchrotron power-law (Lyman et al.
2018; Margutti et al. 2018).
The synchrotron-emitting electrons may cool in two dif-
ferent channels - losing their energy through synchrotron
radiation, or alternatively by up-scattering photons via
inverse-Compton. The presence of an additional photon
source, i.e., the kilonova, makes inverse-Compton an im-
portant cooling mechanism at early times. The absence of
a cooling frequency break in the observed spectrum sets a
lower limit on the source’s motion and an upper limit on
the magnetic field at the synchrotron source, as we shall
demonstrate.
2 KILONOVA COOLING
2.1 Two cooling mechanisms
Electrons of Lorentz factor γe ≫ 1, gyrating in the presence
of magnetic field B emit synchrotron radiation with power
(e.g. Rybicki & Lightman 1986)
Psyn(γe) =
4
3
σT cγ
2
e
B2
8π
, (1)
and with a characteristic frequency in the local frame of
νsyn(γe) = γ
2
e
qeB
2πmec
, (2)
where σT is the Thomson cross-section, and me and qe are
the electron mass and charge.
Similarly, in the presence of a radiation field with energy
density uph , the inverse-Compton power in the local frame
is given by
PIC (γe) =
4
3
σT cγ
2
euph . (3)
Electrons that have lost most of their energy by time
T , as measured in the local frame, have a cooling Lorentz
factor of
γ
syn
c (T) =
mec
2
4
3
σT c
B2
8pi
T
, (4)
if cooling is achieved by synchrotron emission, or
γICc (T) =
mec
2
4
3
σT cuphT
, (5)
if inverse-Compton is the electron cooling mechanism.
Electrons of this Lorentz factor will therefore emit syn-
chrotron radiation at a characteristic cooling frequency
ν
syn
c = 18π
mecqe
σ2
T
B3T2
, (6)
if the electrons have cooled by synchrotron, or
νICc =
9
32π
mecqeB
σ2
T
u2
ph
T2
, (7)
in the case of inverse-Compton.
2.2 Relation to observables
Consider a source, expanding towards the observer at ve-
locity βc, corresponding to Lorentz-factor Γ. At time t,
measured by the observer, the source has expanded to size
R = cβt/(1− β). This expression accounts for the travel time
of photons emanating from a moving source.
Assuming that the observed bolometric luminosity of
the source is Lbol, the average radiation energy density at
the source local frame is given by
uph =
Lbol
4πR2c
1
Γ2
≈
Lbol
16πc3t2
1
Γ6
, (8)
where the additional 1/Γ2 term appears when transforming
energy density from the observer to the local frame. In the
last approximation we have used R ≈ 2Γ2ct, valid for Γ ≫ 1.
In practice, the lower limit we find on Γ is of order unity,
and we use the accurate expression for R rather than the ap-
proximate one. We only use this approximation for deriving
simple analytical relations.
The highest measured frequency at the X-ray band, νx
corresponds to νx/Γ at the source local frame. If no break is
seen in the power-law spectrum up to this band, ν
syn
c and
νICc (equations 6 and 7, defined at the local frame) must both
be greater than νx/Γ. The time elapsed in the local frame
(T in equations 6 and 7) is given by T = tβ/(Γ(1 − β)) ≈ 2Γt
due to the frame transformation.
By demanding ν
syn
c > νx/Γ and ν
IC
c > νx/Γ, one obtains
an upper and lower limit on the magnetic field
128π
9
Γνxσ
2
T
u2
ph
t2
mecqe
< B <
(
9π
2
mecqe
Γνxσ
2
T
t2
)1/3
. (9)
Equation 9 can be rewritten with the observed luminosity
Lbol
1
18π
L2
bol
νx
t2
σ2
T
meqec
7
1
Γ11
< B <
(
9π
2
mecqe
νxσ
2
T
t2
)1/3
1
Γ1/3
. (10)
We note that there is a minimal Γ for which the upper
limit on B is greater than its lower limit
Γ >
(
211π2
38
)1/16 (
q14
c27m10e
)1/16
L
3/16
bol
ν
1/8
x t
−1/8 , (11)
where we have substituted σT =
8pi
3
(
q2
mec
2
)2
. Written differ-
ently, the lower limit is given as
Γ > 2.6 L
3/16
41
ν
1/8
18
t
−1/8
d
, (12)
where L41 = Lbol/
(
1041 erg s−1
)
, ν18 = νx/
(
1018 Hz
)
and td =
t/(1 day).
This limit depends rather weakly on the observed quan-
tities, and therefore provides a robust lower limit on the
relativistic motion of the source.
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Note that the lower limit on Γ increases with Lbol.
At a given epoch, the photon energy density at the source
rapidly decreases as Γ−6 for a given bolometric luminosity
measured by the observer (equation 8). This is mostly since
higher Γ corresponds to larger source size, and a hence a
lower photon energy density at the source. Since the inverse-
Compton cooling rate is proportional to uph , the absence of
a cooling break in the measured spectrum implies that cool-
ing by inverse-Compton is sufficiently slow. The efficiency
of inverse-Compton cooling can therefore be drastically re-
duced when Γ is sufficiently large, setting the lower limit of
equation 11.
2.3 Kilonova as the photon source for
inverse-Compton
GW170817 was followed by a prompt γ-ray emission, a short
lived thermal kilonova and a long lasting synchrotron com-
ponents. At early times, up to ∼15 days, the luminosity is
dominated by the kilonova, which provides photons for elec-
tron cooling through inverse-Compton. In this section we
argue that the kilonova radiation inevitably interacts with
the synchrotron source.
The spectral evolution during the first days of obser-
vations constrains the photospheric expansion velocity of
the kilonova to be 0.1c to 0.3c (Kasliwal et al. 2017). Hy-
drodynamic simulations of neutron star mergers demon-
strate that the merger ejecta, which is the kilonova emit-
ting region, expands quasi-spherically (Hotokezaka et al.
2013; Bauswein et al. 2013). The kilonova’s thermal emis-
sion therefore originates from a slowly expanding spherical
ejecta.
As we demonstrate for GW170817, the synchrotron
source must be at least mildly relativistic with Γ > 2.1, and
it is therefore further out than the slower kilonova emit-
ting ejecta, which expands isotropically. Whether the syn-
chrotron emission comes from a narrow jet, a wide angle
cocoon or a spherically expanding shell, a scenario in which
the synchrotron source evades the kilonova photons is un-
likely. The synchrotron emitting electrons are irradiated by
the kilonova, and cool down by inverse-Compton upscatter-
ing of these photons, making our derivation self-consistent.
3 RESULTS
The first detected optical counterpart to GW170817, SSS17a
was identified in the galaxy NGC 4993, located at a distance
of 40 Mpc. The bolometric luminosity was estimated to be
∼ 1042 erg s−1 at t = 0.5 d, and has declined in time roughly
as t−0.85 (Drout et al. 2017).
Simultaneous observations of radio, optical and X-ray
were available starting from t = 9 d (Hallinan et al.
2017; Tanvir et al. 2017; Soares-Santos et al. 2017;
Cowperthwaite et al. 2017; Kasliwal et al. 2017;
Margutti et al. 2018). At this epoch, no cooling-frequency
break is seen up to νx = 2.4 · 10
18 Hz, with radio and X-ray
measurements consistent with the same power-law flux
density Fν ∝ ν
−0.6. The bolometric luminosity at that time
is Lbol ≈ 6 · 10
40 erg s−1. Using inequality 11 from section
2.2, we obtain
Γ > 2.0
(
Lbol
6 · 1040 erg s−1
)3/16 (
νx
2.4 · 1018 Hz
)1/8 ( t
9 d
)−1/8
.
(13)
When taking the accurate expression for the source ra-
dius (see equation 8 and the afterwards discussion), we ob-
tain a somewhat higher lower limit for this event, of Γ > 2.1.
The lack of a cooling break, combined with the avail-
ability of kilonova photons that can cool down the source’s
electrons via inverse-Compton, implies that the source must
be moving at a relativistic velocity at this time. Since the
electrons have not cooled down efficiently via synchrotron
either, we find an upper limit on the magnetic field (right
hand side of inequality 10)
B < 5.2 · 10−3
(
Lbol
6 · 1040 erg s−1
)−1/16
(
νx
2.4 · 1018 Hz
)−3/8 ( t
9 d
)−5/8
gauss . (14)
Note that the limit on Γ becomes less constraining at
later times. As t increases, the radius is larger for a fixed ex-
pansion Γ, and additionally the kilonova’s luminosity rapidly
decays with time. Both these trends contribute to a smaller
photon energy density at the source, uph , and thus lower Γ is
required to set the cooling-frequency above the X-ray band.
The limit we obtained on Γ is in agreement with various
estimates of Γ found by different authors. Margutti et al.
(2018) use the precise measurement of the synchrotron’s
spectral index to constrain Γ ∼ 3 − 10. Their estimate is
based on Keshet & Waxman (2005), who obtain the spec-
tral index of particles accelerated in relativistic collisionless
shocks. Models explaining the observations as cocoon emis-
sion imply that the emitting region is moving at Γ ∼ 2 − 3
(Gottlieb et al. 2018b). Compactness arguments linked with
the observed prompt γ-ray emission spectrum originally sug-
gested that Γ & 2.5 (Kasliwal et al. 2017; Gottlieb et al.
2018b). Recently, VLBI observations have demonstrated su-
perluminal centroid motion of the synchrotron source at
late time, implying Γ & 4. The VLBI observations, com-
bined with compactness arguments set Γ & 5 as a lower
limit of the γ-ray emitting region (Matsumoto et al. 2018).
Nakar & Piran (2018) have shown that the gradual rise of
the lightcurve implies an on-axis source. They estimate the
Lorentz factor of the emitting region from the observed flux
to be Γ ≈ 1.5 − 7. The uncertainty in their estimate comes
mostly from the unknown density of the surrounding mate-
rial and the magnetic field’s equipartition parameter.
Our result disfavors models in which the source is mov-
ing at sub-relativistic velocities, such as the one proposed in
Hotokezaka et al. (2018), where the fast tail of the merger’s
dynamical ejecta, moving at Γ ∼ 1.4, is invoked as the source
of the non-thermal synchrotron emission.
4 DISCUSSION AND CONCLUSIONS
Recently, radio observations revealed that the source is mov-
ing superluminally (Mooley et al. 2018b), setting Γ & 4 as a
lower bound on the source’s motion, higher than the limit we
obtained. The centroid motion of the source has been esti-
mated between 75 days and 230 days post-merger. Notwith-
standing, GW170817 occurred at merely 40 Mpc, well within
MNRAS 000, 1–4 (2018)
4 I. Linial & R. Sari
the LIGO-Virgo detection horizon. The majority of future
detections will be of merger events at greater distances,
nearing the outskirts of LIGO’s sensitivity horizon. Measur-
ing the centroid motion of most future events will therefore
prove more challenging than in the case of GW170817, due
to limited angular resolution of radio observations.
On the contrary, the limit we obtain is derived from the
observed fluxes across different spectral bands, and does not
rely on significant displacement of the source. Our limit can
be particularly useful for characterizing sources that are suf-
ficiently bright across the different bands at early times, but
are too distant to resolve or measure their centroid motion.
Additionally, our approach constrains the source’s motion in
early times, as opposed to radio observations of the source’s
motion, which may only be feasible at late times, after the
source has expanded or moved sufficiently.
The theoretical limit we have obtained will be useful in
future events in which early time observations will show that
the cooling frequency is above the X-ray band, despite the
presence of a bright kilonova signal. The limit we found in
this work will then constrain the source’s expansion veloc-
ity at early times, instrumental in discriminating between
different physical scenarios.
The kilonova that followed GW170817 has decayed in
time, with its luminosity decreasing roughly as ∝ t−0.85
(Drout et al. 2017). Therefore, at earlier times the photon
energy density at the source was greater, increasing the cool-
ing rate by inverse-Compton. One could have set a more
stringent lower limit on Γ, if broadband radio to X-ray ob-
servations of this event were available at times earlier than
t = 9 d. If the cooling frequency was above the X-ray band
at time t, the lower limit on Γ is
Γmin = 3.6
( t
1 d
)−0.28
. (15)
In cases where the X-ray emission is detected at very
early times, an inverse-Compton cooling frequency may be
visible in the data. This occurs due to the relative small
source size, and the enhanced kilonova brightness at these
early times. The cooling break will later disappear, when the
kilonova fades, and may reappear in later times, when syn-
chrotron cooling becomes the dominant cooling mechanism.
Finally, the results obtained in this work can be applied
to other types of events. One interesting example is the after-
glow of long GRBs that are associated with supernovae. The
supernova contributes an excess of radiation energy density
at the afterglow source. If no cooling break is seen up to
some frequency, one can constrain the Lorentz factor of the
synchrotron emitting region of the afterglow.
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